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ABSTRACT 
 
This thesis aims to study microassembly of micro-scale objects involving transfer printing and its 
applications. Conventional top-down monolithic microfabrication schemes puts many limitations 
on fabricating structures with complex device architectures or packaging schemes. As such, 
engineering approaches enabling microassembly of multiple micro-machined components 
becomes highly desirable to complement conventional microfabrication. Polydimethylsiloxane 
(PDMS) or shape memory polymer (SMP) as “stamp material,” working in conjunction with 3-
dimensional positioning stage, provides reliable and precise relocation method of a micro-scale 
object for device assembly. Theoretical approaches are studied and experimental assembly 
processes are performed. Micro-scale structures of various geometries have been assembled in a 
systematic manner for demonstration. In addition, nano-membrane resonant structure have been 
demonstrated for functioning device applications. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Motivation 
 
Recently, MEMS has rapidly grown into an important area of technology by miniaturization of 
conventional integrated circuit system onto a single wafer chip or its equivalent structure. While 
also attractive in terms of performance improvement, high volume production, and cost reduction, 
there are some inherent process limitations to be considered during manufacturing process [1]. 
First, owing to monolithic processing nature of micro-fabrication methods, an early fabrication 
step should remain unaffected or protected from immediate following step to final processing step 
conditions such as chemical wet etching, high vacuum environment, and high temperature 
deposition. Second, non-planar or suspended structures are difficult to fabricate without pre-
deposited sacrificial layer. Presence of sacrificial layer requires additional deposition or etching 
step which may lead to critical problems including development of internal stress or stiction [1]. 
Third, from a materials perspective, metal deposition is a highly wasteful process; metal layer is 
deposited everywhere and selectively etched away to form target features by means of lithography 
[2]. Owing to these and more drawbacks, a direct pick-and-place assembly of separately fabricated 
micro-scale solid units for partial or full assembly of a functioning device provide new fabrication 
strategy for multidimensional structures. In order to realize this goal, a system which can reliably 
and repeatedly retrieve and release a micro-object is desired. 
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1.2  Scope of the Research 
 
This study focuses on transferring micro-scale material with structural rigidity. Silicon (platelets 
and 3-dimensional bulk type) is used as transferred micro-objects, commonly referred to as “inks,” 
for ease of fabrication, well-known material properties, and its widespread use as a MEMS 
material. Transfer printing of large area, continuous film-like or highly thin and compliable 
materials such as graphene or quantum dot sheets is beyond the scope of this study. Also, among 
many potential material candidates enabling micro-scale transfer, two types of polymeric stamp 
material are studied: polydimethylsiloxane (PDMS) and Shape Memory Polymer (SMP). In 
addition, this study focuses on transferring individual components for assembly, in contrast to 
large-scale, parallel fashioned transfer printing methods such as roll-to-roll transfer printing [3]. 
 
 
1.3 Overview 
 
The thesis is divided into several chapters. Chapter 2 will discuss the theoretical background and 
mechanical modeling of the stamp adhesion switching mechanisms and key design parameters. 
Chapter 3 will review the experimental methods for the preparation of this thesis. Chapter 4 will 
discuss the findings and results of the experiments. Chapter 5 will review previously published 
research and analysis. This chapter will compare this study to other existing micro-scale transfer 
printing strategies. Chapter 6 will summarize the findings in Chapter 4 and suggest future 
applications in which this study can be used.  
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CHAPTER 2: THEORY 
 
In this section, qualitative description of polymer transfer printing scheme using PDMS and SMP 
is supported with quantitative analysis to support key design parameters. 
 
2.1  Mechanics of Transfer Printing using Polymeric Stamp 
 
The general process of transfer printing scheme is a series of steps involving ink retrieval and 
release onto a target receiver substrate, each of which fundamentally relying on controlled 
adhesion and fracture mechanics at the critical interfaces between the ink/donor, the stamp/ink and 
the ink/receiver. During ink retrieval, ink/substrate interface must preferentially fail. Likewise, ink 
release step requires preferential failure at stamp/ink interface [4]. As a widely exploited strategy 
for controlling the magnitude of surface adhesion, rate-dependent property of viscoelastic polymer 
material is utilized. The separation velocity of the polymeric stamp from a surface affects the 
adhesive strength, with higher velocities resulting in proportionally larger adhesion [5]. Such 
kinetic dependence of the adhesion through viscoelastic response can be quantitatively measured 
by a simple rolling experiment [5]. In this experiment, a steel cylinder is rolled down an inclined 
slab covered with a blanket of PDMS polymer until it reaches its terminal velocity. The loss in 
gravitational potential is taken as adhesion energy of the PDMS polymer at the measured rolling 
speed v [5].  
By modeling the retrieval and printing processes as the propagation of cracks at stamp/surface 
interfaces, a simple relationship of the steady-state energy release rate is given by [6]: 
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  (2.1) 
 
Where F is the normal force applied on the stamp and W is the stamp width.  
G accounts for both interface bonding breaking and viscoelastic energy dissipation surrounding 
the crack tip. 
As such, simple relationships hold for adhesion switching strategy as [4]: 
 
 / /stamp ink ink substrate
c cG G  for 
retrieval 
 
/ /stamp ink ink substrate
c cG G  for release 
 
(2.2) 
 
/ink substrate
cG is generally assumed constant as ink/substrate interface is a rigid base with only elastic 
response. On the other hand, owing to velocity dependence on release rate, 
/stamp ink
cG can be 
expressed as: 
 
 / /( )stamp ink stamp inkc cG G v    (2.3) 
 
Where v is the peel velocity. 
 
As can be seen in empirical experiments such as rolling experiment aforementioned, general 
power-law relationship fits velocity dependence as [5]: 
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Where 0G  is the critical energy release rate with separation velocity v reaching zero, 0v a reference 
velocity associated with 0G , and n is the scaling parameter which can be determined by 
experiments. Rearranging, critical separation velocity relation can be expressed as follows: 
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The critical peel force for pick-up can be expressed as: 
 
 /stamp ink
c cP wG    (2.6) 
 
 
Where w is the width of a stamp. 
 
The methods used for transfer printing in this study is adaptations to the basic mechanics outlined 
here. 
 
2.2 Mechanics of PDMS stamp with Micro-tip Relief Structures 
 
Based on simple viscoelastic transfer mechanics described above, a simple design adaptation on a 
PDMS stamp is implemented to increase the transfer printing yield. The design will yield higher 
contrast in adhesion switching through the use of micro tip relief structures at the PDMS stamp 
surface. The process is as follows: During retrieval, pre-load pressure causes collapse of pyramid 
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relief structure causes maximum contact area between PDMS stamp/ink interface, as well as 
generalized adhesion force dominated by Van der Waals interactions [5]. Then, the stamp is 
retracted upwards with sufficiently high peel velocity, maximizing 
/stamp ink
cG and causing 
preferential failure at ink/substrate interface. Over a small time lapse after retraction, the restoring 
forces cause stamp reconstitution, leaving the stamp-ink contact area only at the tips [7]. As for 
the final step, the stamp-ink is pressed against the target substrate at a minimal force in such a way 
that relief on the stamp does not collapse. In this way 
/stamp ink
cG can be minimized allowing ease of 
release even on small contact area or rough surfaces where contact area is small [8] [7]. 
 
2.2.1 Adhesion-off  State Design Strategy for Ink Release 
 
Micro-tip relief structures on the PDMS stamp has radii of curvature, microtipR . After ink is peeled 
off from the donor substrate and sufficient time has passed for the microtips to restore its shape to 
its maximum extent while ink is adhering, we define contactR  [7]. 
The adhesion energy state relation between the PDMS stamp micro-tip and ink at zero peel rate 
limit is derived from two competing forces: surface adhesion and elastic repulsion. Classical 
models of mechanics can be adapted accordingly to give the following relationship [9]: 
 
 
,
microtipcontact
RR
s
E E

 
 
  
 
   (2.7) 
 
 
Where 2155 /mJ m  is the work of adhesion between PDMS and the contacting surface, and E
is the plain-strain modulus of PDMS. s is a nondimensional function of microtip cone angle and 
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microtipR described in mechanical modeling in previous work [7]. 
 
The relation shows that contactR decreases with microtipR . There exists an asymptotic value when 
0microtipR  , and is as described as below [9]. 
 232 tan
2
min
contactR
E
 

    (2.8) 
 
 
From this relation, we conclude that 
min
microtip contactR R when microtipR is less than ~100nm for the case 
of PDMS stamp with 2155 /mJ m  and E =1.8MPa. 
In this study, 90   micro-tip cone angle is assumed, which yields 680
min
contactR nm . 
Experimental value gives 750nm [7], which is comparable with the theoretical value. In conclusion, 
the method used for micro-tip stamp fabrication in this study is already sufficient to yield near 
minimal 
min
contactR value at which the adhesion energy between the stamp and the contacting surface 
is minimized for printing.  
 
2.2.2 Micro-tip Design Parameters 
 
The height and distance between the neighboring micro-tips are important design parameters. 
Design should allow near full area contact collapse during compression for ink retrieval. Also, the 
height of micro-tip structures should be large enough so that the elastic restoring force can bring 
back the compressed structure to its original shape after retraction [2]. Here, we describe minh , a 
minimum height at which below the elastic restoring force is insufficient to bring the microtip 
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structure back to its original shape after pressure induced collapse. Strain energy in the compressed 
PDMS micro-tip and adhesion energy between the contacting surfaces gives the following 
relationship [7]: 
 
 
min
2
3.04ln 11.5
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E



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  (2.9) 
 
Where stampw is the width of the post of the stamp. In this study, 100stampw m is assumed and the 
rest of the parameters is same as in 2.2.1. 
maxh , the value above which the elastic forces are too large so that the compressed tips would spring 
rapidly and thus prevent large contact areas for efficient removal of an ink from a donor substrate 
is described as below. This value can be determined analytically by equating the energy release 
rate to the work of adhesion between the PDMS stamp and the silicon platelet. The relation is 
described as: 
 
max 2
, ,
microtip
stamp
stamp stamp stamp
wP
h w f
w E w w E
 
   
 
 
  (2.10) 
 
 
where f is a nondimensional function of the applied force P, the microtip width ( stampw ), and other 
material and geometry same as before [7]. 
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2.2.3 Viscoelastic Analysis for Stamp Ink Retrieval 
 
During ink retrieval step, pre-load induced full area contact between stamp/ink is assumed for 
maximum adhesion due to surface adhesion affects associated with Van der Waals coupled with 
viscoelastic effects. In this case, flat-stamp surface contact is assumed for simplification without 
further consideration of micro-tip surface relief structure restoring effects. For retrieval, the PDMS 
stamp is retracted with sufficient peel velocity (equal or above cv ) for plate/substrate interface 
fracture while ensuring PDMS stamp/ink adhesion, described in 2.1. 
During pull-off, pulling force relation is described as [7]: 
 
 ( )stamp pulling compressionP w E v t L     (2.11) 
 
Where compressionL is the compressed distance of the stamp due to preload force P, t is the retraction 
time and the rest of parameters same as described above. 
Therefore, critical pull-off force for ink retrieval can simply be described as: 
 
 ( )c stamp c compressionP w E v t L     (2.12) 
 
 
 
 
2.3 Shape Memory Polymer Mechanics 
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PDMS stamp has been a successfully and widely adapted manipulating tool for general transfer 
printing approaches [8]. However, in many transfer printing applications, low adhesion 
reversibility ratio (3 to 1) [2] of planar PDMS stamp surface can be insufficient. To overcome such 
limitations, design adaptations have been made as represented by aforementioned micro-tip 
surface relief structured PDMS stamp where reversibility is increased more than 1000 to 1 [10].  
However, even in such design adaptations, some fundamental limits exist. The time dependent 
nature of the stamp shape recovery after retraction puts severe limitations on design flexibility of 
both the stamps and inks. The recovered shape still must be adequately designed to hold and align 
the ink at the micro-tips since otherwise it may result in dropping of inks or tilting and/or shifting 
of the ink leading to misalignment during shape recovery. Moreover, in order to achieve maximum 
PDMS adhesion (0.1MPa) [5] ink geometry generally requires a large, flat, and level surface on 
top of the ink to yield an ideal contact interface with the stamp, and a meticulously designed 
supporting structure anchoring the ink in such a way that at a certain peel-off force will allow 
separation from the ink during pick-up [3]. Also, 3-d bulk structures are generally difficult for pick 
up since poor adhesion and viscoelastic behavior of PDMS often puts large stresses resulting in 
fracture of inks even in the event when pickup is successful. 
In this study, aforementioned limitations can be overcome by using SMP. SMP is a specially 
formulated polymer that displays a very strong shape memory over a narrow glass transition 
temperature, gT  [11]. The change in elastic modulus can exceed 100:1 ratio when below and above 
the  gT . In this study, a particular SMP formulation referred to as “NGDE2” [11] is used. There 
are two powerful advantages of using SMP as a stamp material: maximum adhesion can be 
dramatically increased by performing pickup while the polymer is rigid at temperatures below  gT . 
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In addition, the adhesive control is no longer rate-dependent since its rigidity and shape are 
determined by temperature. 
To test the effect on surface adhesive property through modulation of rigidity, linear elastic 
fracture model is applied. Energy release rate G for a propagating crack in a homogeneous material 
for plain-stress condition is given as [12]: 
 2
IKG
E
    (2.13) 
 
Where IK is the mode-I stress intensity factor and E is the elastic modulus of material. 
Recognizing that the relative magnitude of elastic modulus of SMP is very small compare to that 
of the silicon substrate, the model can be treated as a bi-material interface as a homogeneous 
interface with double the elastic modulus of SMP [12]. The effect of the mismatch on energy 
release rate has been investigated in previous literature [4] and is simplified as: 
 
 2
2
I
SMP
K
G
E
    (2.14) 
 
The mode I stress intensity factor for an edege crack of length a in a semi-infinite material subject 
to an evenly distributed stress  is given by [13]: 
 1.1215IK a     (2.15) 
 
Where a is the crack length of material. It is assumed that crack will propagate when the energy 
release rate reaches SMP-silicon work of adhesion 0 . Also, it is assumed that initial crack 
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length of 1 m exists at the edge of the interface, giving /a L  ratio of 0.01 where L is width of 
the stamp. Given 
F
A
  , rearranging equation gives pull-off force as [2]: 
 3
025.31 (2 )pulloff SMPP E L    (2.16) 
 
Where 0  is the experimentally observed value of 46
2/mJ m  [7]. 
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CHAPTER 3: EXPERIMENTAL METHODS 
 
 
3.1 Preparation & Experimental Set-Up 
 
Fabrication of PDMS Stamps with Micro-Tip Relief Structure: 
 
For fabrication of PDMS stamp with micro-tip relief structure, existing micro-fabrication methods 
were used by following well-established fabrication procedures in previous literatures [7]. First, 
mold was prepared by anisotropic etching of silicon (100) wafer to define the pyramid shaped pits 
(12 12m m  , 10 m  deep separated by 70 m  with square packing arrangement) using KOH 
solution (30%, 70 °C) and PECVD nitride hard mask. Then, lithographically defining SU-8 epoxy 
layer provided the square opening area with four corners aligned to the pits. To facilitate mold 
release, non-stick layer (tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane; Sigma-Aldrich) was 
deposited on cured SU-8/Silicon mold. Then, PDMS (Sylgard 184, Dow Corning; 10:1 mixture of 
base to curing agent) precursor was molded, cured, and demolded. 
 
Fabrication of SMP Stamps: 
 
Mold for the SMP stamp was prepared by spin casting SU-8 on silicon wafer and lithographically 
defining the surface area, identical to the steps used for square area opening for PDMS stamp 
aforementioned. Then using a double molding process [2], the stamp was fabricated on glass. The 
precursor was prepared according to NGDE2 formulation found in literature [11]. The epoxy-
based SMP used for this work was created from 1:1:1 molar ratio of EPON 826 (Thediglycidyl 
ether of bisphenol A epoxy monomer; Momentive, Columbus OH, USA), Jeffamine De230 
(Poly(propylene glycol)bis(2-aminopropyl) ether; Huntsman Corporation, The Woodlands, TX 
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USA), and NGDE (Neopentyl glycol diglycidyl ether; TCI America, New York, NY, USA). This 
was chosen due to high shape recovery factors, large rigidity change near  gT , and convenient  gT  
range (40°C to 60°C) and optical transparency [14]. 
For SMP stamps with surface features, the procedure are identical except for a few additional steps. 
Stamp features with micro tips included additional KOH etching step identical to aforementioned 
PDMS micro-tip stamp mold preparation prior to SU-8 spin casting. Sphere-embedded stamp 
included preparation of flat surface SMP stamp described above followed by additional steps 
including local uncured precursor wetting, trapping a silica sphere (15 m ) in the uncured 
precursor, and curing step to fully lock the micro-sphere silica . 
 
Fabrication of Microheaters: 
 
NiCr for heating material was chosen due to its rapid thermal response time and high availability 
[15]. NiCr heater was fabricated by sputtering 250nm of NiCr on a glass substrate on a pre-
patterned photoresist (AZ 4620) to perform liftoff, a procedure established in previous literature 
[10]. The heater consists of a horseshoe pattern of NiCr with approximately 200   resistance 
which heats the central stamp region of about 80 C  with 1.5W of power. In order for manipulate 
heat of SMP stamp using the heater, SMP stamp/glass substrate is bonded on the heater using heat 
conducting paste. The horseshoe configuration of the heater, when bonded with SMP stamp with 
appropriate alignment, allows visibility of stamp/ink for the observer, thereby facilitating 
alignment. 
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Fabrication of Silicon Inks: 
 
Square silicon inks were fabricated from silicon-on-insulator (SOI) wafers using well-established 
methods in previous literature [7]. The shape of silicon was defined by masking with a photoresist 
layer (AZ5214) followed by etching of the silicon layer using deep reactive ion etch. Wet etching 
with hydrofluoric acid (49%) removed the buried oxide to form an undercut trench below the 
perimeters of the patterned silicon inks. The wafer was spin-coated with photoresist (AZ 5214) 
and flood-exposed, leaving only PR under the undercut trench after development. After the final 
HF etching, silicon inks were suspended on photoresist which is tethered to the underlying silicon 
wafer and are ready for retrieval. Conical and pyramidal silicon inks were fabricated in the same 
manner as square silicon inks, except that instead of using DRIE for vertical side wall etching, 
preferential etching was done in KOH solution (30%, 70 °C) for sloped side wall etching [10]. 
Square areas of 100 µm x 100 µm were lithographically defined with silicon nitride (100 nm) and 
etched until convex corner under cutting constituted by two (111) plane edges formed the desired 
shape. The nitride hard mask was later naturally removed during hydrofluoric acid etching. 
 
Transfer Printing Assembly of Silicon Inks: 
 
Conventional mask aligner which consists of x-y-z stage was used as precision translational and 
rotational stages which positioned the donor/receiver substrates relative to the stationary ink above. 
During the retrieval step, PDMS stamp surface was aligned and conformally collapsed on ink 
followed by retraction with sufficient velocity as described in Eq. 2.5. Then, donor substrate was 
swapped with receiver substrate to prepare for printing. The ink on the stamp was released onto 
the receiver substrate by contacting the ink and retracting at an appropriate speed. After one 
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printing cycle, the receiving substrate was transferred to a furnace and annealed at 1000 C for 
permanent silicon-silicon bonding. 
For SMP stamp, the process is similar but with some distinctions. The SMP stamp embedded on a 
glass substrate was mounted on a NiCr heater to be used in conjunction for adhesion control by 
heat modulation. The SMP stamp was heated and collapsed conformally on the silicon ink. While 
in contact, the SMP stamp was converted into cold state to lock the shape and increase rigidity, 
followed by vertical retraction using the x-y-z stage. During release step, the SMP was heated to 
return to its original shape (adhesion-off state) to facilitate release onto the receiver substrate. The 
illustrations for pick-and-release steps for respective stamps are presented in Figures 3.1 and 3.2. 
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3.2 Figures 
 
 
 
Figure (3. 1): Schematic of Pick-and-Place for PDMS Microtip Stamp 
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Figure (3. 2) Schematic of Pick-and-Place for SMP Stamp 
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CHAPTER 4: RESULTS & DISCUSSIONS 
 
4.1 Nano-membrane Resonator Assembly via Pick-and-Place Assembly 
 
Nano-membrane resonators with high quality Q factor were fabricated using established methods 
described in section 2.1. Successful fabrication of suspended nano-membrane resonating structures 
via transfer printing were demonstrated through characterization by collaborators [16]. 
First, the quality of the bonding between the nanomembrane and the base structure was 
investigated. Perfect bond should be checked to ensure device robustness to withstand later 
processing and testing conditions as well as device performance. The bond quality was analyzed 
using infrared microscopy imaging as shown in Figure 4.1. In this image, the lighter back ground 
indicates bulk silicon substrate, darker square the silicon dioxide base and the yellow cavities the 
air gap covered by silicon nano-membrane. As can be seen in Figure 4.1.b, some air pockets or 
trapped defects were observed between the silicon oxide base and the membrane. Indeed, 
imperfections led to change in resonator characteristics and erratic vibrations outside the cavity 
during later testing phase conducted by collaborators [16]. 
As for the next step, defect-free devices were characterized by collaborators at varying air pressure 
levels for their resonating properties using a Fabry-Perot interferometer set-up [17]. Q factor of 
the first mechanical mode was extracted for each sample. The vibrational noise spectra of one 
structure is shown in Figure 4.2. The Lorentzian shape of the curve was observed both in the 
vacuum and at atmospheric pressure. By fitting a Lorentizan curve to the measured data using 
MATLAB Software, experimental resonant frequency 0f , and quality factor Q were obtained by 
collaborators [16]. The experimental resonant 0f was observed as 2.798MHz and Q as 3000. 
Comparing with theoretical value theoreticalf of 3.455MHz it was observed that in-plane compressive 
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stress attributed to the error, and the stress was calculated to be 0 15MPa    [16]. Thermal 
expansion coefficient mismatch was evident as a source of error from this observation which 
indicated further limited ability fabricate thin and large area membranes [18].  
The quality factor Q of the fabricated nanoplate was found to be 3000 in the vacuum and 13 at 
atmospheric pressure. The theoretical mass sensitivity and resolution of the device were found to 
be 189ag 1Hz  and 1.02ag 1Hz which are more sensitive values reported than its counterparts 
reported in literature [19]. It is predicted that the transfer printing method presented in this thesis 
will be useful for the fabrication of highly sensitive resonator plate driven by capacitance which 
can be operated in a micro-fluidic environment for mass detection [19]. 
 
4.2 3-D Microstructure Assembly via Transfer Printing 
 
Various microstructures shown in Figure 4.3 were assembled via SMP stamp pick-and-place 
assembly method described in chapter 2. These demonstrate some powerful aspects of SMP stamp 
transfer printing otherwise unachievable in previous works known to author. Most notable is the 
adhesion improvement. Conical or pyramid inks as shown requires relatively large adhesion forces 
for pick-up due to small area at the top relative to large area at the base which is tethered to the 
donor substrate. While pick-up of 3-d structures was unachievable with PDMS stamp, SMP 
facilitated easy pick-up. This is due to SMP stamp’s maximization of adhesion through rigidity 
modulation discussed in Section 2. Table (4.1) [10] discusses comparison of adhesive strength for 
various polymer stamps and it is evident that maximum adhesion of more than 30 times the 
magnitude is achievable compared with PDMS microtipped stamp [10]. Another significant 
advantage lies in the shape-fixing capability. For PDMS stamp, while picking up a micro structure 
with non-planar surface such as conical inks in Figure 4.3 c, high internal strains during pressure-
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induced collapse of the stamp would cause immediate delamination even when pick-up is 
successful. In contrast, due to shape-fixing capability SMP stamp can freeze the ink in its deformed 
shape during pickup and transport to the receiving substrate. In doing so, it made alignment simple 
and easy process. Moreover, extreme adhesion reduction can be achieved. Vertical stacking on a 
small surface to form a miniature pagoda, and stacking on very small edges of a previously printed 
ink demonstrates minimization of adhesion while also maintaining precision alignment. 
 
4.3 Figures 
 
 
 
Figure (4. 1): Infrared Microscopic Images of a) Perfectly bonded nano-membrane; b) Nano-membrane 
with imperfections 
 
Figure (4. 2): Lorentzian curve fitting for fabrociated Nano-membfrane resonators under different 
pressures 
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Figure (4. 3): The bar is 100um scale. a) SMP based Assembly of pyramidal structure b) 
Pyramid inks printed in small contact area using SMP c) Conical Inks printed on a silicon 
substrate to present a scenic mountain river rangeusing SMP d)-e) SMP stamp printed rotor 
assembly which can rotate around about its center shaft 
 
 
4.4 Tables 
 
Table(4. 1): Comparison of adhesive strength and reversibility for various stamps available in 
literature and our SMP stamp 
  
Material Stamp  
surface 
geometry 
Max 
adhesion 
(kPa) 
Reversibility 
(max:min) 
Adhesion 
control 
PDMS 
flata 
50 50:1 inflation 
85 >10:1 shear motion 
150 3:1 kinetic 
flatb 100 100:1 shear motion 
microtipa 80 >1000:1 
contact area 
change 
pedestala 1600 
2:1 kinetic 
∞:1 laser-heating 
ST-1087 flatb 1450 39:1 buckling 
SMP 
flata 3200 6:1 
rigidity 
change 
microtipa 2800 >1000:1 
rigidity & 
contact area 
change 
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CHAPTER 5: REVIEW OF LITERATURE 
 
Some other pick-and-place assembly approaches have been established and demonstrated in 
previous literatures. Alternative strategies for micro-assembly include electrostatic force field 
assembly [20], [30]-[36], -robotic pick-and place assembly method [21], [37]-[42] or self-
assembly [43]-[48] among others.  
In robotic pick-and-place method, a microgripper integrated with a controllable plunging structure 
is employed for gripping and release of a microstructure [21]. The demonstrated target material 
for transfer is borosilicate microspheres of 7.5 m -10.9 m  in diameter. In order to release the 
microsphere after grasping, the plunger impacts the microsphere with sufficient momentum 
(1.43 / skg m ) to overcome adhesive forces such as surface tension or van der Waals force which 
become dominant at the micro-scale.  
There are critical limitations in this method. First, the dimensions and geometries of the micro 
objects transferrable are heavily limited by the design of the micro-gripper. The micro-gripper 
design allows microstructures of dimensions only up to 17 m in maximum length and it is 
speculated that the methods is effective only for symmetrical objects such as cubes, triangular, or 
spherical objects. Thin films or any other irregular shaped objects, such as presented in section 4, 
cannot be efficiently gripped nor released using microgripper. Also, there lies a great difficulty in 
orientation control and the plunger alignment difficulty if the ink were not in ideal shape. In 
addition, release accuracy is only about 0.45 .24 m  in the ideal case (releasing spherical inks), 
which is far below the resolution that can be achieved in this study. These and other difficulties of 
robotic pick-and-place assembly using microgripper present critical issues such as lack of control 
for sub-micron alignment, and/or less freedom in ink dimension able to be transferred. 
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Self-assembly is another established method as a candidate for assembly of microstructures. The 
fundamental driving mechanism is based on control of capillary force and surface hydrophobicity 
manipulation [24]. In this method, a substrate is prepared with local hydrophobic alkanethiol-
adsorbed binding sites. For assembly, hydrocarbon oil is applied to the substrate immersed water 
to exclusively bond to previously prepared local hydrophobic binding sites. Then, micro 
components are added to the water and are assembled on the oil-wetted binding sites. By repeatedly 
applying this method, different batches of micro components can be sequentially assembled to a 
single substrate. During this process, assembly is controlled to take place on specific binding sites 
by using electrochemical method for deactivating specific sites on substrate. Lastly, electroplating 
is incorporated to establish electrical connections for assembled components such as LED [23]. 
There are several critical drawbacks in this method which renders it less advantageous in many 
aspects compared to pick-and-place method presented in this paper. Self-Assembly requires 
several addition and removal of chemical layer such as alkanethiol SAM and adsorption. As these 
steps are conducted in aqueous environments, such as water and ethanol, it may cause fabrication 
related problems such as stiction in addition to possible chemical incompatibility when 
assemblying a three-dimensional structure. Also, the assembly is diffusion-based which may lead 
to problems where the yield is not perfect. It may be useful in mass-produced applications but 
complication of the process remains challenging for micro-assembly. 
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CHAPTER 6: CONCLUSION 
 
This study reports general transfer printing principles for micro-scale object pick-and-place 
assembly. The work discusses some theoretical foundation for understanding key design 
parameters of an adhesive structure as well as some experimental observations on the produced 
devices or structures. It was found that theoretically guided design optimization yields high level 
of control of adhesion using both PDMS and SMP materials. These and other similar designs could 
be further enhanced through better materials and more optimized design for many other 
applications. 
Recommended future studies include mass-production pick-and-place assembly through 
automated assembly such as using a roll-to-roll printing method [3] with array of relief structures 
on a sheet of SMP. Moreover, while this study has focused on transferring monocrystalline silicon 
components which have a certain degree of structural rigidity, great opportunities could lie in 
transferring non-continuous nanomembrane materials as well. As a demonstration, it was shown 
that CdTe Quantum Dot nano-film [25] is transferrable via SMP as shown in Figure A.1. 
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APPENDIX A: QUANTUM DOTS NANO-FILM TRANSFER 
 
 
CdTe based QD film was prepared by collaborators in Moonsub Shim’s research group in 
University of Illinois, based on processing conditions from literature [25]. The nanofilm was 
transferred on ITO/glass substrate using SMP through rigidity switching by thermal modulation.  
 
 
Figure (A. 1): SEM Image of Printed Area of CdTe QD Film 
